Recognition of microbial challenges leads to enhanced immunity at both the local and systemic levels. In Arabidopsis, EFR and PEPR1/PEPR2 act as the receptor for the bacterial elongation factor EF-Tu (elf18 epitope) and for the endogenous PROPEP-derived Pep epitopes, respectively. The PEPR pathway has been described to mediate defence signalling following microbial recognition. Here we show that PROPEP2/PROPEP3 induction upon pathogen challenges is robust against jasmonate, salicylate, or ethylene dysfunction. Comparative transcriptome profiling between Pep2-and elf18-treated plants points to co-activation of otherwise antagonistic jasmonate-and salicylate-mediated immune branches as a key output of PEPR signalling. Accordingly, as well as basal defences against hemibiotrophic pathogens, systemic immunity is reduced in pepr1 pepr2 plants. Remarkably, PROPEP2/PROPEP3 induction is essentially restricted to the pathogen challenge sites during pathogen-induced systemic immunity. Localized Pep application activates genetically separable jasmonate and salicylate branches in systemic leaves without significant PROPEP2/PROPEP3 induction. Our results suggest that local PEPR activation provides a critical step in connecting local to systemic immunity by reinforcing separate defence signalling pathways.
Introduction
In multicellular organisms, recognition of non-self or altered self molecules by pattern recognition receptors (PRRs) leads to a first line of inducible defences that restrict microbial propagation (Boller & Felix, 2009; Kawai & Akira, 2011; Segonzac & Zipfel, 2011) . The PRR ligands include microbial signatures typically conserved within a class of microbes, termed microbe-associated molecular patterns (MAMPs), and endogenous elicitors generated upon perturbations of host cellular processes, termed danger-associated molecular patterns (DAMPs). In plants, PRRs described to date are limited to membrane-localized receptors. The Arabidopsis Leu-rich repeat (LRR)-receptor kinases (RKs) FLS2 and EFR recognize the bacterial MAMPs flagellin (epitope flg22) and elongation factor EF-Tu (epitope elf18), respectively. Likewise, the LRR-RKs PEPR1 and PEPR2 recognize the elicitor-active Pep epitopes conserved in the endogenous PROPEP polypeptides (Yamaguchi & Huffaker, 2011) .
The significance of MAMP-triggered immunity (MTI) has been well documented in plant immunity. Loss of FLS2 or EFR significantly reduces basal immunity to the infection of adapted and nonadapted bacterial pathogens (Zipfel et al, 2004 (Zipfel et al, , 2006 Nekrasov et al, 2009; Saijo et al, 2009) . MTI is also functionally connected to another layer of plant immunity triggered upon the recognition of an avirulent pathogen effector, designated effector-triggered immunity (ETI), and to systemic acquired resistance (SAR) (Mishina & Zeier, 2007; Shen & Schulze-Lefert, 2007) . However, the molecular links between local MAMP perception and effective activation of local and systemic immunity remain poorly understood.
During MTI, PRRs trigger a stereotypic set of defence-related outputs. Changes of ion fluxes across the plasma membranes, reactive oxygen species (ROS) bursts, and MAPK activation are typically detectable within minutes. They are followed, within several hours to days, by ethylene (ET) production, extensive transcriptional reprogramming, cell wall remodelling, and metabolic changes including biosynthesis of anti-microbial compounds (Boller & Felix, 2009; Segonzac & Zipfel, 2011) . Genetic studies on Arabidopsis have revealed evolutionarily conserved components in a protein quality control pathway in the endoplasmic reticulum (ER) that defines the biogenesis route for EFR (Saijo, 2010) . In an ER-resident glucosidase IIa allele, designated rsw3, EFR-triggered immunity and sustained activation of defence-related genes are impaired, although the receptor accumulation and the other tested MTI-associated outputs remain unaffected . Such phase separation of MTI signalling, of which the late phase is closely associated with immune activation, has been also described for the FLS2 pathway (Tsuda et al, 2009; Serrano et al, 2012) . These findings point to the importance of sustained transcriptional reprogramming as a critical step for coupling initial MAMP perception with effective MTI activation. However, the target genes, their functions, and the molecular basis for sustained transcriptional reprogramming in MTI remain to be elucidated. In this respect, DAMP sensing and signalling has been postulated as an amplification system for MAMP-triggered signalling (Fontana & Vance, 2011) . This model has received much attention in recent studies on both plants and animals (Kawai & Akira, 2011; Yamaguchi & Huffaker, 2011) .
The Arabidopsis PROPEP family (PROPEP1-PROPEP6) has a conserved elicitor-active epitope (designated Pep1-Pep6, respectively) that is thought to act as a DAMP . Of note, despite the lack in PROPEPs for an N-terminal signal peptide for entering the canonical secretory pathway, Pep epitope recognition occurs through the cell surface receptors PEPR1/PEPR2 (Yamaguchi et al, 2006 (Yamaguchi et al, , 2010 . This implies a model in which PROPEPs (and/or their elicitor-active derivatives) accumulate in the cytoplasm, but are released to the extracellular spaces upon the disruption of cell membrane integrity, thereby eliciting PEPR-mediated signalling . Given massive up-regulation of PROPEP2 and PROPEP3 upon MAMPs or pathogen challenges (Huffaker et al, 2006; Logemann et al, 2013) , this model further postulates that the PEPR pathway serves to intensify and/or propagate defence signalling following MAMP perception . Consistent with this model, Pep perception leads to enhanced plant immunity: Exogenous Pep peptide application confers resistance to the bacterial phytopathogen Pseudomonas syringae pv tomato (Pst) and the fungal phytopathogen Botrytis cinerea in a PEPR-dependent manner (Yamaguchi et al, 2010; Liu et al, 2013) ; Arabidopsis plants overexpressing PROPEP1 or PROPEP2 better retain root growth in the presence of the oomycete phytopathogen Pythium irregular (Huffaker et al, 2006; Yamaguchi et al, 2010) . Functional interactions have been also documented between MAMP and PEPR signalling pathways: PEPRs are required for maximal activation of FLS2-and EFR-triggered signalling and immunity to bacterial infection (Ma et al, 2012; Tintor et al, 2013) ; Pre-exposure to bacterial and fungal MAMPs enhances a ROS burst upon subsequent Pep application Klauser et al, 2013) ; PEPR interacts with and phosphorylates BIK1, a central regulator for both MAMP and ET signalling (Liu et al, 2013) . However, much remains to be learned about the role for the PEPR pathway in the control of overall host immunity.
In both local and systemic immunity, defence-related hormone pathways play a vital role for defence execution and fine-tuning (Robert-Seilaniantz et al, 2011; Pieterse et al, 2012) . In general, salicylate (SA)-dependent defences are effective against biotrophic and hemi-biotrophic pathogens, whilst defences based on jasmonates (JA) and ET are effective against necrotrophic pathogens and insect herbivores. An antagonistic relationship has been well documented between SA and JA pathways. When SA and JA are supplied at nearly saturated high concentrations, SA signalling activation typically overrides JA signalling in Arabidopsis. However, the outcome of the SA-JA interactions differs according to the timing of elicitation and relative signal flux levels between the two hormone pathways, and is also influenced by other hormones. For example, timely application of ET renders the JA response resistant to the negative effect of SA (Leon-Reyes et al, 2010) . Such a complex network of defence hormone signalling allows plants to coordinate between different defence pathways and optimize overall host immunity according to the type of the pathogens encountered and environmental conditions. Extensive genetic studies on separate or simultaneous disruptions of SA, JA, and ET pathways in Arabidopsis have revealed their synergistic interactions in promoting MTI (Tsuda et al, 2009) . However, the mechanisms that utilize such cooperative connectivity of these hormone pathways remain to be identified.
In this study we further pursue the role for the PEPR pathway in plant immunity following recent publications for its role in MTI. Our results indicate that sustained activation of PROPEP2 and PROPEP3 upon pathogen challenges is robust against hormone imbalances. Genome-wide transcriptome profiling on Pep2-and elf18-treated plants reveals an inventory of PEPR-regulated genes, and points to co-activation of JA-and SA-mediated branches as a distinctive output of the PEPR pathway. In good accordance, genetic evidence indicates a contribution of PEPRs to basal defences against hemi-biotrophic pathogens, systemic immunity, and systemic propagation of MAMP-triggered signalling. Remarkably, active PEPR signalling seems to be essentially restricted to the sites of direct pathogen challenges, implying that the PEPR pathway primarily acts locally and thereby promotes systemic signalling. Together, our findings point to the functional significance for the PEPR pathway in coupling local and systemic immunity.
Results
Robust PROPEP2/PROPEP3 induction during local immune responses To better understand the mechanisms that link MAMP recognition to PEPR signalling, we tested possible alterations in PROPEP2 (At5g64890) and PROPEP3 (At5g64905) expression in rsw3 plants. In the wild-type (WT) seedlings, both transcript levels dramatically increased upon elf18 application, which persisted for 24 h (Fig 1A) . However, elf18-induced activation of the two genes was impaired in rsw3 seedlings (Fig 1A) . On the other hand, rsw3 plants were indistinguishable from WT plants in Pep2-induced activation for PRO-PEP3 and pathogenesis related1 (PR1) and PR2, encoding defencerelated proteins (van Loon et al, 2006) (supplementary Fig S1A) . Given the requirement for PEPRs in elf18-as well as flg22-induced activation of defence-related genes (Ma et al, 2012; Tintor et al, 2013) , these results imply that the previously described defects of rsw3 plants in elf18-induced transcriptional reprogramming ) might be in part attributed to the impaired PROPEP2/ PROPEP3 induction. Together, these findings support the notion that PROPEP2/PROPEP3 induction provides a critical step for the engagement of the PEPR pathway during MTI.
We also verified that PROPEP2 and PROPEP3 are induced upon the challenges with the Pst DC3000 ΔhrpS strain that is deficient in the type III effector secretion system and hence considered a trigger for MTI (Yuan & He, 1996) or with Pst DC3000 AvrRpm1 that rapidly triggers potent ETI via the resistance protein RPM1 (Grant et al, 1995) (Fig 1B) . It has been described that PROPEP2 is induced upon exogenous application of methyl-JA (MeJA) or MeSA and that PROPEP3 is induced upon MeSA . Our earlier work revealed ET-dependent PROPEP2 induction and ET-independent PROPEP3 induction in response to elf18 (Tintor et al, 2013) . Following these findings, we further assessed the requirements for JA, ET, or SA in pathogen-induced activation of PROPEP2 and PROPEP3 in dde2, ein2, and sid2 plants. DDE2, EIN2, and SID2 provide a critical step for JA biosynthesis (Park et al, 2002) , for the vast majority of ET-mediated responses (Alonso et al, 1999) , and for SA biosynthesis upon pathogen challenges (Wildermuth et al, 2001) , respectively. When challenged with Pst DC3000 ΔhrpS, both PROPEP2 and PROPEP3 were induced in all these mutants without a significant decrease, pointing to the robustness of their induction during MTI against these hormone imbalances (Fig 1B) . This also implies the engagement of another MAMP receptor than FLS2 and EFR that mediates PROPEP2 induction in ein2 plants, given the impairment of both FLS2 and EFR functions in the mutant (Boutrot et al, 2010; Mersmann et al, 2010; Tintor et al, 2013) . Upon Pst DC3000 AvrRpm1 inoculation, PROPEP2/PROPEP3 induction was also essentially retained in dde2, ein2, and sid2 plants (Fig 1B) , as expected from the compensatory interactions between these hormone pathways in ETI (Tsuda et al, 2009) . The observed robustness of PROPEP2/PROPEP3 induction against perturbations of these hormone pathways, which are often associated with pathogen challenges, might imply the engagement and effectiveness of the PEPR pathway in plant immunity to a wide range of pathogens.
Consistent with this idea, enhanced growth of Pst DC3000 has been described in pepr1 pepr2 plants (Ma et al, 2012) . We also showed that pepr1 pepr2 plants were more susceptible than WT plants to a less virulent path-29 strain of the hemi-biotrophic pathogen Colletotrichum higginsianum (Ch) (Huser et al, 2009 ) (supplementary Fig S1B) . These studies demonstrate that PEPRs are required for basal immunity to these hemibiotrophic pathogens.
Genome-wide transcriptome analysis for the PEPR and EFR pathways To gain insight into the molecular mechanisms by which PEPR signalling activation leads to enhanced immunity, we performed global transcriptome studies on Pep2-treated plants in comparison with elf18-treated plants. We exposed 10-day-old seedlings to 1 lM of Pep2 or elf18 for 2 and 10 h. In a whole genome microarray analysis (ATH1, Affymetrix, High Wycombe, UK), we detected the expression of a total of 15858 genes above the background levels. We plotted these genes based on their relative expression fold in response to Pep2 versus in response to elf18 (Fig 2A and supplementary Fig  S2) . This comparison revealed an overall high overlap between the two profiles (Fig 2A and supplementary Fig S2) , consistent with the shared characteristics between Pep-and MAMP-induced responses (Yamaguchi & Huffaker, 2011) .
We scored the genes exhibiting ≥2 fold changes in response to Pep2 or elf18 in WT plants as compared to untreated plants (2 h) or to the cognate receptor mutant plants (10 h). Pep2 application upor down-regulated 1401 and 1286 genes at 2 h, whilst 234 and 164 genes at 10 h, respectively (q < 0.05) (supplementary Table S1 ). Likewise, elf18 application up-or down-regulated 1144 and 895 A Quantitative reverse-transcription-PCR (qRT-PCR) analysis for PROPEP2 and PROPEP3 in 10-day-old seedlings in response to 1 lM elf18. On the vertical axis, the log2 expression levels relative to that of At4g26410 are shown. Lines represent means and SE of three biological replicates calculated by the mixed linear model. Asterisks indicate significant differences from the WT plants at the corresponding time points (*q < 0.05, **q < 0.01, ***q < 0.001, two-tailed tests). B qRT-PCR analysis for PROPEP2 and PROPEP3 in the leaves of 4-week-old plants challenged with 10 8 cfu/ml Pst DC3000 ΔhrpS or 10 7 cfu/ml Pst DC3000 AvrRpm1 for 24 h. Bars represent means and SE of two biological replicates calculated by the mixed linear model. Statistical analysis (two-tailed t-tests) indicates no significant differences (n.s.) in the transcript levels for PROPEP2 or PROPEP3 between the tested mutant plants and WT plants upon the challenges with the corresponding Pst strains. On the vertical axis, the log2 expression levels relative to that of At4g26410 are shown.
The EMBO Journal PEPRs couple local and systemic plant immunity Annegret Ross et al genes at 2 h, and 474 genes and 665 genes at 10 h, respectively (supplementary Table S1 ). We define four different classes in the genes differentially regulated by either elicitor at 2 h (Fig 2A, supplementary Table S2 ): Classes A and C respectively represent the genes up-or down-regulated in response to both Pep2 and elf18 by ≥8 fold; and Classes B and D respectively represent the genes up-or down-regulated upon Pep2 (by ≥ 2fold) but not influenced upon elf18 (by <2 fold). Thus, the former and latter classes respectively represent the target genes common to both PRR pathways or specific to the PEPR pathway.
We then separately cross-referenced the genes of these classes to public databases for their expression responses to the defence-related hormones ET (1-aminocyclopropane-1-carboxylic acid [ACC]), MeJA, and SA (AtGenExpress, Genevestigator). We notice that SAinducible genes are over-represented in Class A (Fig 2B; supplementary Table S3 ), suggesting that a major common output of the PEPR and EFR pathways involves to activate SA-inducible genes. This notion was also supported by the dataset obtained 10 h after elicitor application (supplementary Fig S2) . The results well account for the earlier described Pst DC3000 resistance that is induced upon both elicitors (Zipfel et al, 2006; Yamaguchi et al, 2010) . On the other hand, Classes B and D respectively exhibit over-representation of JAinducible genes and SA-repressible genes ( Fig 2B; supplementary Table S3 ). This implies that PEPR signalling distinctively co-activates subsets of JA-inducible genes (Class B) together with SA-inducible genes, and that it also more effectively represses subsets of SA-repressible genes (Class D) than EFR signalling. A The x-axis shows the log2 ratios of transcript levels in Pep2 (1 lM)-treated versus untreated seedlings upon for 2 h (q ≤ 0.05), and the y-axis shows the log2 ratios of transcript levels in elf18 (1 lM Annegret Ross et al PEPRs couple local and systemic plant immunity The EMBO Journal A gene ontology analysis on the Pep2-or elf18-induced genes (≥ 2-fold) at 2 h indicates that over-representation for ET-and JAresponsive genes is more prominent in Pep2-induced genes compared to elf18-induced genes, whilst overrepresentation for SAresponsive genes is seen to a similar degree between Pep2-and elf18-induced genes (Fig 2C, supplementary Table S4 ).
These results also support the notion that the PEPR pathway facilitates co-activation of SA and JA/ET-mediated immune branches.
The PEPR pathway co-activates SA-and JA/ET-dependent immune branches We validated this notion by quantitative reverse-transcription-PCR (qRT-PCR) analysis for an SA marker, PR1, and for JA/ET markers, PDF1.2a and PDF1.3, encoding small anti-microbial peptides termed defensins (Thomma et al, 2002) . Pep2 application significantly activates all these 3 genes in WT seedlings (Fig 3A) , as described earlier in detached leaves for PR1 and PDF1.2a induction . Moreover, Pep2 triggers greater PDF1.2a induction as compared to elf18 or flg22 (supplementary Fig S3A) , corroborating the aforementioned strength of the PEPR pathway in transcriptional activation of this JA/ET branch output. We then tested the requirements for SA or JA in Pep-triggered activation of the corresponding marker genes. Pep2-triggered activation of PR1 is impaired in sid2 plants, whilst that of both PDF1.2a and PDF1.3 is reduced in dde2 plants (Fig 3A) . These results strongly suggest that PEPR signalling activation facilitates co-activation of SA-and JA-mediated immune branches. This is in good accordance with the aforementioned decrease in basal immunity to the hemi-biotrophic pathogens in pepr1 pepr2 plants (supplementary Fig S1B) .
We then tested SA dependence in PEPR-mediated immunity to bacterial infection. Consistent with the earlier studies (Yamaguchi et al, 2010) , the pretreatment of mature leaves with a mixture of Pep2 and Pep3 significantly lowered bacterial growth in a PEPRdependent manner (Fig 3B) . However, Pep-induced suppression of bacterial growth was abolished in sid2 plants, demonstrating the requirement for SA in Pep-induced resistance against Pst DC3000 (Fig 3B) . A qRT-PCR analysis for the indicated SA and JA marker genes in 10-day-old seedlings treated with 1 lM Pep2 for the indicated times. B Leaves of 4-week-old plants pretreated with a mixture of Pep2 and Pep3 (1 lM each, +Pep) for 1 day were syringe-inoculated with Pst DC3000 (1 × 10 5 cfu/ml). The bacterial titer AE SD at 3 dpi is shown. Students t test and Benjamini-Hochberg method was carried out to determine the significance of the difference in the induced resistance between the mutant and WT plants. C qRT-PCR analysis for the JA markers in 10-day-old seedlings with or without Pep2 (1 lM) for 24 h.
Data information: For qRT-PCR analysis (A and C), bars represent means and SE of at least three biological replicates calculated by the mixed linear model. On the vertical axis, shown are the log2 expression levels relative to that of At4g26410. Asterisks indicate significant differences from the value of the corresponding genotype at 0 h (A) or those from the value in Pep-treated WT plants (C) (*q < 0.05, **q < 0.01, ***q < 0.001, two-tailed t-tests).
The EMBO Journal PEPRs couple local and systemic plant immunity Annegret Ross et al PEPR-mediated JA branch activation is enhanced by ET but antagonized by SA Given the ET-mediated alleviation of SA-JA antagonism (Leon-Reyes et al, 2010), we further examined Pep-induced expression of PDF1.2a and PDF1.3 in the absence of DDE2, EIN2, SID2, PAD4, or combinations thereof. PAD4 has been described to contribute to SAbased immunity (Jirage et al, 1999) . We found that Pep2-induced activation of the two defensin genes was reduced in ein2 plants, pointing to a positive role for ET in their induction (Fig 3C) . By contrast, genetic removal of the SA branch conferred by SID2 and PAD4 substantially restored Pep2-induction of the two genes in ein2 pad4 sid2 plants, despite the ET signalling dysfunction (Fig 3C) . However, the restored induction of PDF1.2a was abolished by the simultaneous disruption of the JA branch in dde2 ein2 pad4 sid2 plants, confirming the essential role for JA in this output (Fig 3C) . Thus, our results suggest that ET positively influences this JAdependent output against antagonistic SA effects in the PEPR pathway. By contrast, we were unable to detect significant PDF1.2a activation in response to elf18 even in the absence of both SID2 and PAD4 (supplementary Fig S3B) . In contrast to PEPR signalling, this implies an intrinsic weakness of EFR signalling for this JA branch activation.
The PEPR pathway promotes systemic immunity Together with earlier findings that MTI activation is sufficient to establish SAR (Mishina & Zeier, 2007) and that sequential engagement of JA-and SA-dependent processes precede SAR (Truman et al, 2007) , our findings described above prompted us to investigate a possible contribution of the PEPR pathway to systemic immunity. We thus assessed whether systemic immune response is altered in pepr1 pepr2 plants. To this end, we pre-inoculated local leaves (expanded leaves in the lower layer of the plant) with Pst DC3000 AvrRpm1, and then traced the expression of PR1 and PR2 in systemic non-challenged leaves (expanded leaves in the upper layer of the plant). The transcript levels for both SAR markers were elevated in both local and systemic leaves of WT plants during SAR (Fig 4A) . The induction of these genes remained largely unaffected in local leaves of pepr1 pepr2 plants upon the bacterial challenges (Fig 4A) , in accordance with essentially intact RPM1-mediated cell death response in pepr1 pepr2 plants (supplementary Fig S4) . However, remarkably, the induction of the two PR genes is significantly reduced in systemic leaves of pepr1 pepr2 plants (Fig 4A) . Together, our results indicate that PEPRs are required for transcriptional reprogramming in systemic leaves following local pathogen challenges or ETI activation. We then tested whether SAR is compromised in pepr1 pepr2 plants against a pathogen. To this end, 48 h after the first inoculation of local leaves with Pst DC3000 AvrRpm1, we inoculated systemic leaves with the bacterial pathogen P. s. pv maculicola (Psm) ES4326. Compared to the mock control, initial local Pst AvrRpm1 inoculation led to a great decrease of the growth of secondly challenged Psm in systemic leaves of WT plants (Fig 4B) . By contrast, even after Pst AvrRpm1-preinoculation, pepr1 pepr2 plants allowed high Psm growth in systemic leaves, indicating that SAR is impaired in the absence of PEPRs (Fig 4B) . This provides evidence for a critical role for the PEPR pathway in SAR. Given the aforementioned retention of local defence responses (Fig 4A and supplementary Fig  S4) in pepr1 pepr2 plants, our results suggest that the PEPR pathway becomes rate-limiting in the establishment of SAR rather than in the local defence activation under these conditions.
We then assessed whether the defects in systemic activation of the tested SA markers and immunity in pepr1 pepr2 plants are associated with SA production upon pathogen challenges. Levels of total SA (free SA plus SA 2-O-b-glucoside [SAG] ) and free SA were determined in local and systemic leaves 24 and 48 h, respectively, after the infiltration of Pst AvrRpm1 into local leaves. WT and pepr1 pepr2 plants were essentially indistinguishable for the basal levels or pathogen-induced levels of total and free SA in both local and systemic leaves (Fig 4C and D) . This suggests that the PEPR pathway contributes to SAR independent of increasing SA levels, which might be favoured for the simultaneous activation of the SA and JA branches (Figs 2 and 3) .
The PEPR pathway couples MAMP perception with systemic immune response We next directly tested whether the PEPR pathway provides a causal link between localized MAMP perception and systemic immunity. Flg22 has been described to trigger systemic immune response (Mishina & Zeier, 2007) . We thus traced the expression of PR1 in systemic leaves following local flg22 application. We confirmed that flg22 application to local leaves resulted in an elevation of PR1 transcript levels in systemic leaves of WT plants (Fig 4E) . However, systemic activation of this output was significantly reduced in pepr1 pepr2 plants (Fig 4E) , providing evidence that the PEPR pathway links MAMP perception to systemic immune response.
PEPR signalling predominantly operates in local pathogenchallenged sites to confer systemic immune activation We next sought to determine whether the PEPR pathway acts in local or systemic tissues during systemic immunity. It has been described that exogenous Pep application induces the expression of all PROPEP members, thereby providing positive auto-feedback for PEPR signal amplification . We thus used PROPEP2/PROPEP3 induction as a proxy for PEPR signalling activation. During SAR, we detected PROPEP2/PROPEP3 induction in local leaves that were directly challenged with Pst DC3000 AvrRpm1, but not in systemic leaves that were not directly challenged (Fig 5A) . We infer from these results that the PEPR-PROPEP2/PROPEP3 autofeedback, and thus the PEPR signalling system per se, is not significantly activated in systemic leaves.
We also traced PROPEP3 protein accumulation during SAR. For this purpose, we generated transgenic Arabidopsis lines that express a C-terminal Venus fusion of PROPEP3 under the control of its native regulatory DNA sequences. We verified that PROPEP3-Venus can provide an elicitor-active ligand for PEPRs: The preparations of the fusion protein expressed in N. benthamiana leaves inhibit Arabidopsis root growth in a PEPR-dependent manner (supplementary Fig S5B and C) .
In Arabidopsis plants inoculated with Pst DC3000 AvrRpm1, our immunoblot analysis detected the PROPEP3-Venus fusion in the local challenged leaves but not in systemic non-challenged leaves at the tested time points (Fig 4B) , essentially reflecting the aforementioned accumulation pattern of the endogenous PROPEP3 transcripts. The identity of the PROPEP3-Venus signal was also confirmed with anti-PROPEP3 specific antibodies that specifically recognize PROPEP3, presumably through the N-and C-terminal epitopes of the antigen (Fig 4B and supplementary Fig S5A) . Under our 
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The EMBO Journal conditions, we were not able to detect a possibly processed form of PROPEP3-Venus. We also failed to detect the endogenous PROPEP3 protein with our anti-PROPEP3 antibodies, possibly due to low stability. Nevertheless, our results imply that the PEPR ligands predominantly accumulate and elicit the receptor signalling in the pathogen challenge sites during SAR.
Local Pep application is sufficient to confer systemic immunity
We reasoned that if PEPR activation serves to generate or propagate a long-distance immune signal, local Pep application should trigger systemic immune response. Indeed, SA and JA branch markers, PR1 and PDF1.2a, respectively, were activated in systemic upper leaves upon Pep2 application in lower leaves (Fig 6A) . Pep2-induced systemic induction of PDF1.2a was abolished in dde2 ein2 and pepr1 pepr2 plants, indicating that enforced PEPR signalling activation indeed confers systemic activation of this JA branch output (Fig 6B) . However, we note that this occurred again without detectable activation of PROPEP2 and PROPEP3 in systemic leaves (Fig 6C) , as well as during pathogen-induced SAR (Fig 5A) . Given the aforementioned positive auto-feedback of PEPR signal- A qRT-PCR analysis for PR1 and PR2 in local and systemic leaves at 24 or 48 hpi, respectively, with Pst DC3000 AvrRpm1 (10 7 cfu) in local leaves.
B
Growth of Psm ES4326 in systemic leaves (3 dpi) of Pst DC3000 AvrRpm1-preinoculated (white) or mock-treated (black) plants. The bacterial titers AE SD are shown. C -D SA levels in local (24 hpi) and systemic (48 hpi) leaves of 4-week-old plants inoculated with Pst AvrRpm1 (white) or mock-treated (black). The means AE SD of three biological replicates (n = 4) are shown. E qRT-PCR analysis for PR1 in systemic leaves 48 h after infiltration of 1 lM flg22 in local leaves.
Data information: For qRT-PCR analysis (A and E), bars represent means and SE of at least two biological replicates calculated by the mixed linear model. On the vertical axis, the log2 expression levels relative to that of At4g26410 are shown. Asterisks indicate significant differences from Pst-treated systemic WT plants (A) or untreated samples (E) (*q < 0.05, **q < 0.01, ***q < 0.001, two-tailed t-tests). For the pathogen inoculation assays and SA measurements (B-D), student's t-test and Benjamini-Hochberg method was carried out to determine the significance of the differences in the induced resistance (B) and in the induced SA levels between the mutant and WT plants. Double Asterisks (**) indicate significant differences with q < 0.01 and triple asterisk (***) with q < 0.001.
The EMBO Journal PEPRs couple local and systemic plant immunity Annegret Ross et al ling, the absence of significant PROPEP2/PROPEP3 induction in systemic leaves makes it unlikely that Pep2 per se travels from the primary application sites to systemic tissues at physiologically significant levels. We also tested whether systemic immunity is enhanced upon local Pep2 application to pathogen infection. When challenged with Psm or Pst DC3000, we did not consistently detect enhanced resistance in systemic leaves after Pep2 application in local leaves. However, we found that local Pep application significantly enhanced systemic immunity to Ch path-29 strain (Fig 6D) . These results might be in part attributed to high PDF1.2 induction in systemic leaves (Fig 6A) , given the previously described role for defensins in basal defences against Ch (Hiruma et al, 2011) . Together, our findings support the notion that PEPR signalling predominantly occurs at the sites of the primary pathogen challenges, which is yet required to enhance systemic immunity.
Genetic separation between Pep-induced systemic JA-and SA-branch activation To gain insight into the mechanisms by which localized activation of PEPR signalling enhances systemic immunity, we tested possible alterations in Pep-induced systemic activation of PDF1.2 and PR1 in the absence of previously defined SAR regulators. NPR1 acts as the master regulator for SA-based immunity and SAR (Durrant & Dong, 2004) ; ALD1 is required for pathogen-induced pipecolic acid (Pip) biosynthesis, full MTI and ETI responses, systemic SA accumulation, and SAR (Song et al, 2004; Navarova et al, 2012) ; Flavindependent monooxygenase1 (FMO1) is required for local immunity, systemic SA accumulation, and pathogen-and Pip-induced SAR (Bartsch et al, 2006; Koch et al, 2006; Mishina & Zeier, 2007; Navarova et al, 2012) . We found that Pep-induced systemic PR1 activation was significantly reduced in npr1 and ald1 plants (Fig 7) . However, Pep-induced PDF1.2a activation was virtually retained in ald1, fmo1, and npr1 plants (Fig 7) . This verifies that Pep-induced signalling boosts these SA-and JA-related outputs in systemic leaves via separate genetic requirements. Our results thus strengthen the notion that the PEPR pathway facilitates co-activation of different immune branches at the systemic level as well.
Discussion
With the focus on the PEPR pathway, we gain insight into the mechanisms that link MAMP recognition to immune activation at both the local and systemic levels. In MTI, the transition from initial to sustained signalling phases is closely associated with effective defence activation Tsuda et al, 2009; Serrano et al, 2012) . Given the incurred fitness costs, it is conceivable that the phase transition is facilitated by, or constrained to, the conditions in which the host is gravely threatened. Prolonged exposure to high-dose MAMPs might reflect massive and persistent growth of potentially pathogenic microbes in the plant. Following our separate study (Tintor et al, 2013) , the present study further points to the importance for sus- Annegret Ross et al PEPRs couple local and systemic plant immunity The EMBO Journal tained activation of PROPEP2 and PROPEP3, a preparatory step for PEPR signalling activation, as a critical step in MTI. However, if the PEPR pathway mediates DAMP sensing and signalling, its activation is expected to be stimulated upon pathogen challenges. In Arabidopsis seedlings, elf18-induced PR1 activation is greatly reduced in pepr1 pepr2 plants (Tintor et al, 2013) , indicating that PEPR signalling contributes to this output under sterile conditions. By contrast, elf18 application alone is insufficient to induce PDF1.2a (supplementary Fig S3A) despite massive induction of PRO-PEP2 and PROPEP3, whereas application of the elicitor-active Pep2 epitope substantially activates this JA branch marker. Together, these results suggest that another additional cue than the MAMP is required for full activation of PEPR signalling, in terms of the repertoire and/or amplitude of outputs. This cue seems to be dispensable but to boost the receptor signalling at the level of the ligand, receptor, post-recognition signalling, or combinations thereof, which might be associated with pathogen challenges. Future studies will be required to clarify these possibilities and to elucidate the nature of the elicitoractive ligands generated from PROPEP2 and PROPEP3 in vivo.
Our genetic evidence obtained in the present and earlier studies (Tintor et al, 2013) points to the robustness of the PEPR pathway against perturbations of defence-related hormone responses: MAMPand pathogen-induced PROPEP2 and PROPEP3 activation substantially occurs against genetic defects for SA, JA, and ET responses; PEPR1 expression and PEPR function are largely retained in ein2 plants where FLS2 and EFR functions are greatly reduced (Tintor et al, 2013) . These features seem to provide an advantage for the engagement of the proposed DAMP signalling system in defence activation against pathogen-mediated interference with these hormone pathways. Indeed, the present and other earlier studies point to a role for the PEPR pathway in augmenting defence signalling following the perception of a wide range of MAMPs and in basal immunity to The EMBO Journal PEPRs couple local and systemic plant immunity Annegret Ross et al taxonomically unrelated pathogens at their inoculation sites (Ma et al, 2012; Flury et al, 2013; Liu et al, 2013; Tintor et al, 2013) . Deciphering the mechanistic basis for the robustness of the PEPR pathway also represents an important challenge for future studies. Our comparative transcriptome analysis on Pep2-and elf18-treated plants has revealed that the PEPR pathway is distinct from the EFR pathway in that the former up-regulates a JA-inducible branch under the control of the TF ERF1 (represented by PDF genes encoding defensins), in addition to SA-inducible PR genes. Pep-induced PDF1.2a activation also occurs in mature leaves (Fig 6) , excluding the possibility that the observed differences between PEPR and EFR regulons (Fig 2 and supplementary Fig S3) merely reflect poor EFR function in seedling roots (Christensen et al, 2010) . Thus, it appears that PEPR-mediated coordination of these SA and JA branches downstream of MAMP perception not only reinforces MAMP receptor-triggered signalling but also extends the spectrum of immune responses during MTI. The lowered local basal defences against the tested hemibiotrophic pathogens in pepr1 pepr2 plants can be attributed to the lack of this PEPR function.
We note that PEPR signalling keeps this JA branch active in an ET-dependent manner even in the presence of high SA branch activity (Fig 3C) . Thus, the PEPR pathway defines a signalling component that utilizes the earlier described positive connectivity between the three hormone branches (Leon-Reyes et al, 2010) . However, consistent with this ET dependence, PEPR signalling has the opposite effects between the ERF1-JA branch (enhanced by ET) and another JA branch mediated by the TF Myc2 (repressed by ET) (Tintor et al, 2013) . In good accordance, concomitant induction of JA and ET production has been described in excised leaves upon Pep1 application (Huffaker et al, 2013) , which might underscore the differential control of the two JA branches.
Localized interactions with compatible or incompatible pathogens lead to the establishment of SAR (Durrant & Dong, 2004; Dempsey & Klessig, 2012) . Local MTI activation is sufficient to confer SAR via a process that remains unknown (Mishina & Zeier, 2007) . SAR requires the proper generation of a mobile signal(s) at the primary challenge site, transmittance of the signal from local to distal sites through the vasculature, and perception of the signal in the distal sites. pepr1 pepr2 plants exhibited defects in both MAMP-and pathogen-induced systemic immune responses. The former defects are well correlated with the previously described impairments of MAMP-induced responses in the MAMP perception sites of the mutant (Ma et al, 2012; Tintor et al, 2013) . However, the latter defects occurred where no significant alterations were observed in local immune responses to the avirulent Pst strain tested (Fig 4 and supplementary Fig S4) . This might reflect the existence of a PEPR sub-function that is specific to systemic immunity or a pathogen-dependent mechanism that compensates for the loss of PEPRs in local immunity but not in systemic immunity. Alternatively, but not mutually exclusively, the requirement for PEPR-mediated signal amplification might be greater for the activation of systemic immunity in non-challenged sites compared to local immunity in directly challenged sites. This model is also supported by the earlier studies that genetic defects for the basal defence regulators ALD1 and FMO1 are more severe in systemic compared to local immunity (Song et al, 2004; Bartsch et al, 2006; Mishina & Zeier, 2007; Navarova et al, 2012) .
Our results point to the restriction of PROPEP2/3 activation to the sites of direct pathogen/elicitor challenges during SAR (Figs 5 and 6 ).
This suggests that the PEPR pathway becomes primarily engaged in the local sites, thereby promoting the generation and/or spread of a mobile long-distance signal(s). This is consistent with the hypothesis that the PEPR pathway acts in DAMP sensing and signalling within (the proximity to) the sites of pathogen attacks (Fig 8) . The observed lack of active PEPR signalling in systemic non-challenged leaves also disfavours that an active PEPR ligand(s) per se is delivered in physiologically relevant levels into systemic tissues. In sum, our findings lead to a model in which local action of the PEPR pathway at the sites of direct pathogen challenges plays a pivotal role in the establishment of systemic immunity (Fig 8) .
Consistent with this model, local Pep application is sufficient to enhance systemic immunity. SA-dependent SAR is mounted via a complex network of multiple signalling pathways, of which a ratelimiting step seems to differ according to the trigger or the environmental conditions (Dempsey & Klessig, 2012) . JA-dependent induced systemic resistance (ISR) is mounted on root-colonization of selected, non-pathogenic Pseudomonas rhizobacteria in an NPR1-dependent manner (van Wees et al, 2000) . Like Pep-induced systemic immunity as shown in this study, the simultaneous activation of SAR and ISR also allows co-activation of SA-and JA-branches in systemic tissues (van Wees et al, 2000) . However, although NPR1 is required for SAR and ISR, NPR1 is dispensable for Pep-induced systemic activation of PDF1.2a, indicating the separation of the genetic requirements between these systemic immune responses. The mechanisms underlying PEPR-mediated systemic immunity will require further investigations.
Our findings on the PEPR pathway highlight several characteristics that are shared by the peptide hormone Systemin pathway in tomato (Schilmiller & Howe, 2005; Yamaguchi & Huffaker, 2011) . Ligand and/or receptor activation that is critical for systemic immune activation seems to predominantly occur at the local challenged sites. Both ligands are expected to translocate across the membranes for their recognition, despite the lack of an N-terminal signal peptide in the ligand precursors. Systemin-like peptides have only been described in the Solanoideae subfamily of the Solanaceae family (Yamaguchi & Huffaker, 2011) , whereas polypeptides of a Pep-related epitope are widespread in higher plants (Huffaker et al, 2006 . Importantly, although Pep elicitor activity seems to be specific to the plant family, the outcome of Pep perception might be a concurrent theme in a wide range of phylogenetic lineages of higher plants (Huffaker et al, 2013) . Signalling systems that scale the level of tissue damages or pathogen threats in local sites might be extensively used for fine control of systemic immune response.
Materials and Methods

Plant growth conditions
The Arabidopsis thaliana accession Col-0 was used as WT. For microarray and qRT-PCR analysis, 10-day-old seedlings (grown under 12 h light/12 h dark on 0.5 9 MS agar plates containing 1% sucrose for 5 days and then transferred to a 0.5 9 MS liquid medium containing 1% sucrose for another 5 days) were subjected to elicitor treatment within 1 h of the onset of the light period. For SAR analysis (qRT-PCR analysis and SA content measurement) and pathogen inoculation assays, 4-week-old plants grown on soil under 10 h light/14 h dark were used unless otherwise stated. The EMBO Journal PEPRs couple local and systemic plant immunity Annegret Ross et al
Plant materials
The Arabidopsis thaliana accession Col-0 was used as WT. efr-1 (Zipfel et al, 2006) , fls2 (Zipfel et al, 2004) , efr fls2 (Nekrasov et al, 2009) , rsw3 , pepr1-1 pepr2-1 and pepr1-2 pepr2-2 (Yamaguchi et al, 2010) , dde2-2, ein2-1, sid2-2, dde2-2 ein2-1, pad4-1 sid2-2, ein2-1 pad4-1 sid2-2, dde2-2 ein2-1 pad4-1 sid2-2 (Tsuda et al, 2009), pen2-1 (Lipka et al, 2005) , npr1-1 (Wang et al, 2005) , fmo1 and ald1 (Navarova et al, 2012) were described earlier.
Bioassays for elicitor-induced responses
Elicitor response assays in Arabidopsis were performed as described earlier . For gene expression analysis, whole seedlings were treated with 1 lM elf18, flg22, Pep1, Pep2, or Pep3 for the indicated times, unless otherwise stated.
Bacterial inoculation assays
Bacterial inoculation assays were performed as described previously ) with the following modifications. For Pep-induced resistance assays, plants were syringe-infiltrated with a mixture of 1 lM Pep2 and Pep3 or water (mock) 24 h before inoculation. Pst DC3000 suspension at 1 9 10 5 cfu/ml was syringe-infiltrated into 2-3 leaves of eight plants per genotype per treatment. Three days after inoculation the bacterial titer was determined as described above. These experiments have been repeated at least three times with the same conclusion.
SAR assays
To assess transcriptional changes during SAR, local leaves (expanded rosette leaves in the second top layer of the plant) of 4-week old Arabidopsis plants were infiltrated with Pst DC3000 AvrRpm1 (1 9 10 7 cfu/ml) or a mixture of 1 lM Pep2 and Pep3. The local leaves and systemic leaves (non-challenged expanded rosette leaves in the top layer of the plant) were harvested at the indicated times. Eight leaves of 3-4 plants were used per sample for total RNA and protein extract preparations. For bacterial growth measurement, local leaves of 4-week-old Arabidopsis plants were initially infiltrated with Pst DC3000 AvrRpm1 (1 9 10 7 cfu/ml) or 10 mM MgCl 2 as mock control. Two days later, Pseudomonas syringae pv. maculicola (Psm) at 1 9 10 6 cfu/ml were infiltrated in systemic leaves, and then the bacterial titer of Psm was determined 3 days post inoculation as described above. For Pep-induced SAR assays, local leaves were infiltrated with a mixture of 1 lM Pep2 and Pep3 or water (mock) for 24 h, and then Ch path-29 (5 9 10 5 spores/ml) was sprayed onto systemic leaves (n = 8).
Fungal biomass was determined at 4 and 5 days post inoculation.
Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was isolated from plant samples using TRI reagent following the manufacturer's instructions (Ambion, Grand Island, NY, USA). Five microgram of total RNA was reverse transcribed using an oligo(dT) primer and reverse transcriptase (Transcriptor Reverse Transcriptase; Roche, Mannheim, Germany). Ten times diluted cDNA was used as a template for quantitative PCR using a Bio-Rad iQ5 multicolor real-time PCR detection system (Bio-Rad, Munich, Germany). Real-time DNA amplification was monitored using Bio-Rad iQ5 optical system software (Bio-Rad). The expression level of genes of interest was normalized to that of an endogenous reference gene At4g26410 (Czechowski et al, 2005) .
SA measurement SA contents were measured essentially following the published procedures . Leaf material (100-200 mg fresh weight) was extracted with aqueous methanol. Leaf extracts were hydrolyzed with ß-glucosidase (EC 3.2.1.21; Sigma-Aldrich, Steinheim, Germany), and released free SA was re-extracted as described (Lee & Raskin, 1998) . HPLC analyses were performed on an Agilent (Waldbronn, Germany) 1100 HPLC system.
Colletotrichum higginsianum inoculation assays
For lesion size measurements, Ch path-29 (Huser et al, 2009 ) was drop inoculated (5 9 10 5 spores/ml) on fully expanded leaves of 4-week old Arabidopsis plants 5 days before analysis (n =~30 lesions). To quantitatively assess fungal growth by qRT-PCR, 12-day-old seedlings were drop inoculated with Ch path-29 (1 9 10 5 spores/ml) 3 days before harvest. The Ch Actin transcript levels in relation to At4g26410 transcript levels of 12 seedlings per sample were determined to assess fungal biomass as described (Narusaka et al, 2009) . The causative mutated gene in Ch path-29 remains to be determined (Huser et al, 2009 ).
